Promoters that allow the selective induction of gene expression in vivo constitute an important methodology in eukaryotic organisms such as yeast and the fruit fly, but to date no such system has been described for higher plants. Given the fact that mammalian steroid receptors can function as hormone-dependent inducers of gene expression in heterologous systems, the feasibility of using mammalian steroid hormones as selective inducers of plant gene expression was investigated. Here it is shown that the glucocorticoid receptor expressed in plant cells is capable ofactivating a test gene linked to glucocorticoid response elements, providing the transfected plant cells are treated with glucocorticoid hormone. Nanomolar concentrations of glucocorticoids are sufficient to induce gene expression more than 150-fold, without causing detectable alterations in the physiology of the cultured plant cells. These findings indicate that glucocorticoid induction of steroidresponsive promoters should provide a general method for regulating gene expression in plant cells and imply that such a system might ultimately function in whole plants such as Arabidopsis thaliana.
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The capacity to selectively turn genes on and off is an important methodology in molecular biology, particularly in organisms that possess facile genetics such as Escherichia coli (1), yeast (2) (3) (4) , and Drosophila (5, 6) . The selective induction of gene expression in these and other organisms is typically accomplished through the use of a promoter whose transcriptional activity is determined by the presence (or absence) of a specific "inducer." Inducible promoters greatly facilitate genetic analysis by providing a means by which to correlate a particular phenotype with the expression of a given gene. Inducible promoters also offer a way to study genes and gene products whose presence at high levels causes lethality. In multicellular organisms, regulatable promoters provide a way to trigger ectopic gene expression and thus have aided in the study of genes whose normal expression pattern is temporally or spatially restricted (6) .
Ideally, an inducible promoter should possess each of several properties including a low basal level of expression in the absence of inducer, a high level of expression in the presence of inducer, and an induction scheme that does not otherwise alter the physiology of the cell. The lac promoter from E. coli (7) (8) (9) (10) (11) , whose expression is tightly regulated by the lac repressor, provides an example of an inducible promoter that embodies all of these features. In the absence of the synthetic inducer isopropyl P-D-thiogalactoside (IPTG), the lac repressor binds with high affinity (Kd10-13 M) and specificity to the lac operator and prevents expression from the lac promoter; conversely, in the presence of IPTG, the lac repressor has a low affinity for operator DNA resulting in a loss of operator binding and hence a large increase in gene expression from the lac promoter (1) . The expression of a gene of interest from the lac promoter can thus be highly induced from a low basal level simply by growing bacteria in medium containing IPTG (1) . In addition, the induction process itself does not alter the overall physiology of the cell due to the fact that IPTG is a nonmetabolizable inducer and that the lac repressor is specific for the lac promoter.
The best studied inducible promoter in yeast utilizes the upstream activator sequence and promoter region from either of two divergently transcribed yeast genes, GAL] or GALIO, both of which are required for galactose metabolism in Saccharomyces cerevisiae (2) (3) (4) . Shifting cells from glucosecontaining medium to galactose as a carbon source results in a 1000-fold induction of expression from the GAL promoter; consequently, the expression of genes linked to the GAL] or GALIO promoter can be induced from undetectable or barely detectable levels when cells are grown on glucose to transcript levels approaching 1% of the total polyadenylylated RNA (2, 12) in yeast cells grown on galactose. Despite the fact that the yeast cells grow considerably slower under inducing conditions (i.e., on galactose as a carbon source), the physiological changes that accompany galactose induction are relatively modest (13) . In most cases, it is relatively safe to assume that a phenotype observed in galactose-grown cells is due to expression of a gene linked to the GAL promoter and not due to a complication that has arisen from a change of carbon source. The likelihood of potential artifacts related to galactose induction can be further reduced by employing yeast strains deleted of endogenous genes subject to galactose regulation (13) .
Promoters regulated by heat shock, such as the promoter associated with the gene encoding the 70-kDa heat shock protein (hsp70), provide a second commonly employed means by which to selectively trigger gene expression (5, 6) . Induction of expression using the Drosophila hsp70 promoter, for example, is accomplished by transiently exposing flies that are normally grown at 250C to a temperature of 350C for a period of about 20 min (5, 6). Expression of genes linked to the hsp70 promoter is induced more than 100-fold upon heat shock exposure (5, 6 ies of the GRE (see Fig. 3 ) into pUC-H. Plasmid pMIC-A1 was constructed by replacing the BamHI-Sac I fragment of pMIC (21) induction in plants seems unlikely particularly given the fact that initial efforts to demonstrate transcriptional activation by the intact GAL4 protein, the principal activator of the GAL promoter, have not been successful in plant cells (14) . The heat shock promoter functions well in whole plants (15) , but it is limited in its utility in that prolonged exposure of plants to elevated temperature results is lethality, thus restricting the expression of a given gene to brief periods. Methods for inducible gene expression in higher plants are further restricted by the fact that plant development, unlike animal development, is extraordinarily sensitive to changes in the environment (16) . Thus, promoters that utilize changes in environmental cues such as modulations in light intensity to activate transcription (17) fail to provide a means by which to induce plant gene expression without concurrently altering plant physiology. Here we describe a system (18) based on mammalian steroid signaling pathway (19) (Fig. 1 ) that appears to circumvent the limitations of all currently available methods for inducible gene expression in plant cells.
MATERIALS AND METHODS
DNA Constructs. Plasmids NOS-GR and CaMV-GR were constructed by inserting the BamHI-flanked glucocorticoid receptor cDNA (20) into the BamHI site of pNOS and pGY1 (21) , respectively. Plasmids CaMV-GRA5 and CaMV-GRR466K were constructed by replacing the intact receptor in CaMV-GR with BamHI-flanked mutant receptor cDNAs (22, 23 DNA Sequencing. The nucleotide sequence of the GRE-CAT promoter region was determined by inserting the Sac 1-HindIII fragment of this plasmid into Bluescript II (Stratagene), followed by sequencing both strands with Sequenase (United States Biochemical) according to the instructions of the manufacturer.
Electroporation and Transient Transfection. Protoplasts were prepared (24) from tobacco suspension cultures isolated from leaves as described (26) and transiently transfected by electroporation (27) . For each electroporation, an electric pulse of 350 V cm-1 was delivered by discharge of a 1080-,uF capacitor (27) to disposable cuvettes (Bio-Rad; no. 165-2085) containing 106 protoplasts and 40 ,g of effector plasmid (pNOS-GR, pCaMV-GR, pCaMV-GRA5, or pCaMV-GRR466K), 20 ,g of reporter plasmid (GRE-CAT, AGRE-CAT, pNOS-CAT, or pCaMV-CAT) or sheared salmon sperm DNA (carrier) such that plasmid and carrier DNA totaled 60,g. Transfected protoplasts were grown in the dark at 25°C for 42 hr with gentle agitation (40 rpm) in medium (24) supplemented with the indicated concentrations of steroid hormones or an equivalent volume of 100o ethanol. Dexamethasone (Sigma; no. D1756) and progesterone (Sigma; no. P0130) were prepared as 10 mM stock solutions in 100%o ethanol and stored in the dark at -20°C.
CAT Assays. Protoplasts were collected by centrifugation (200 x g, 5 min) 42 hr after electroporation, resuspended in 0.4 ml of 0.25 M Tris (pH 7.5), and disrupted by sonication for 10 sec at full power using a Microson sonicator (Heat Systems/Ultrasonics). CAT assays (28) hr at 37°C. Acetylated products were separated from unacetylated chloramphenicol by TLC and visualized by autoradiography (see Fig. 4 ). cpm were determined by liquid scintillation spectroscopy of portions of TLC plates encompassing the acetylated chloramphenicol product, and activation was calculated by taking the quotient of the cpm values over the "background" (see Table 1 ). Background counts were due to endogenous enzymatic activities and to contamination by the unacetylated substrate during chromatography (Table 1) . Each CAT assay was repeated several times with similar results, and the CAT activity of comparable samples was consistent from day to day.
RESULTS
Experiments aimed at developing a steroid-inducible gene expression system for plant cells were initiated by preparing two types of DNA constructs termed "effectors" and "reporters," which allowed expression of the glucocorticoid receptor and detection of receptor function, respectively. Effector constructs NOS-GR and CaMV-GR ( Fig. 2A) were made by inserting the cDNA (20) encoding the rat glucocorticoid receptor downstream of either the NOS promoter (31) or the CaMV 35S promoter (25) . Two additional effector constructs ( Fig. 2A) bear cDNAs that encode receptor mutants; the cDNA of CaMV-GRA5 lacks sequences encoding receptor residues 107-237 and possesses -25% ofthe activity of the intact receptor (22) , whereas the receptor encoded by CaMV-GRR466K contains a missense mutation in the DNA binding domain and exhibits about 3% of the activity of the intact receptor in mammalian cells (23) .
The reporter construct GRE-CAT (Fig. 2B ) was made by linking binding sites for the glucocorticoid receptor, the so-called glucocorticoid response elements (32) (GREs), to a portion of the CaMV 35S promoter bearing the TATA box as the sole promoter element (21) ; this GRE-CaMV element was then joined to the CAT gene (33) . Nucleotide sequence analysis of the GRE-CAT promoter region revealed the orientation of six 26-base-pair GREs fused at -60 relative to the site of transcription initiation (Fig. 3) . Additional reporters included a derivative of GRE-CAT deleted of the GREs (AGRE-CAT), as well as pNOS-CAT (24) and pCaMV-CAT (24) , which contain the NOS and CaMV promoters, respectively, fused to the CAT gene (Fig. 2B) .
The capacity of the receptor to induce gene expression in plant cells was assessed by measuring CAT activity (28) effector and reporter constructs and grown in the presence of steroid hormones (Fig. 2C) . Extracts from cells cotransfected with CaMV-GR and GRE-CAT (but not with either construct alone) displayed high levels of CAT activity; moreover, induction of CAT expression was strictly dependent upon glucocorticoid (dexamethasone) addition and on the presence of GREs in the reporter construct ( Fig. 4A and Table 1 ). The induced level of expression from GRE-CAT (>150-fold above background) was comparable to that observed with pNOS-CAT and -2% of the level seen with pCaMV-CAT (Table 1) . NOS-GR stimulated CAT expres- (Fig. 2) ; in all cases, cells were treated with 1 ILM dexamethasone prepared in ethanol (+ Dex) or with 1 ;LM ethanol (-Dex) prior to extract preparation. In all but two cases, aliquots of extracts corresponding to 300 ,jg of total protein were incubated with substrate for 5 hr at 370C (see Materials and Methods). *Assays were performed using aliquots of extract corresponding to 3 ,ug of total protein; the corresponding cpm values were obtained by multiplying the scintillation data by 100.
sion via GRE-CAT nearly as well as CaMV-GR (Table 1 ). In addition, activation by each of two receptor mutants (GRAS and GRR466K) closely paralleled the activity of these proteins when expressed in mammalian (22) and yeast cells (23) ( Table 1) . To assay the affinity and specificity of the receptor for steroid ligand in plant cells, induction of CAT expression was determined in extracts prepared from steroid-treated plant cells cotransfected with CaMV-GR and GRE-CAT. It was found that a dexamethasone concentration of 10-7 M was sufficient to elicit maximal induction by receptor (Fig. 4B) ; in contrast, only very high concentrations of progesterone induced CAT expression (Fig. 4C) , whereas estradiol failed to trigger receptor function at any concentration (data not shown). These results closely parallel the parameters of ligand affinity and specificity defined previously for the glucocorticoid receptor in animal cells (30) . Glucocorticoid treatment of plant cells per se did not detectably alter transfection efficiency, gene transcription, or protein biosynthesis (Fig. 4 B and C (43) , the functional conservation of these factors reflects the fact that similar signaling strategies are used to control important endogenous processes such as homeostasis and development. In this regard, it will be interesting to see whether higher plants express zinc finger-containing receptor proteins similar to those of the mammalian steroid receptor superfamily (44) .
The most important contribution of this work is that glucocorticoid induction ofGRE-linked promoters appears to provide a general means by which to modulate the expression of plant genes. Thus, inserting a plant gene of interest downstream of a glucocorticoid-regulated promoter should render the expression of that gene at least 150-fold inducible by glucocorticoids. This induction scheme is particularly appealing in that, unlike other inducible expression systems such as those requiring heat shock (15) , glucocorticoid treatment of plant cells expressing the glucocorticoid receptor does not detectably alter plant cell growth rate or metabolism; moreover, seedlings of A. thaliana grown to maturity in the presence of high concentrations of glucocorticoids are indistinguishable from untreated plants despite the fact that radiolabeled steroids administered by watering are rapidly assimilated through the roots (M.S. and R.W.D., unpublished results). The extent to which glucocorticoid induction can be recapitulated in whole plants remains to be tested, though it is encouraging that steroid receptors function in S. cerevisiae (38, 39) despite the presence of the yeast cell wall.
It should thus be possible to utilize glucocorticoid regulation as a general tool for regulating gene expression in plant cells and perhaps in whole plants. Expression of the glucocorticoid receptor protein from a stage-or tissue-specific promoter in plants could conceivably provide a way to target glucocorticoid-inducible gene expression to specific times in development or to specific plant tissues. Experiments with transgenic plants expressing the glucocorticoid receptor are needed to determine the extent to which glucocorticoid induction can be achieved in A. thaliana. The feasibility of using the glucocorticoid induction scheme in commercially important crops should also be investigated.
